Although extensively studied postnatally, the functional differentiation of cholecystokinin (CCK)-containing interneurons en route towards the cerebral cortex during fetal development is incompletely understood. 
Introduction
The complex architecture of the gamma-aminobutyric acid (GABA) system is essential to establish and maintain synaptic integration (Batista-Brito et al. 2009; Bartolini et al. 2013 ) and network excitability (McBain and Fisahn 2001; Bartos et al. 2007 ) within large assemblies of output neurons in the cerebral cortex. At prenatal stages, excitatory GABA signaling is considered crucial for neuronal migration (Ben-Ari 2014), synapse differentiation (Wang and Kriegstein 2008) , and orchestration of emergent network activity (as giant depolarization sweeps) (De Marco Garcia et al. 2011) . Given the manifold contributions of GABA signals to neurodevelopment, the understanding of GABA physiology continues to dominate developmental neuroscience. More specifically, the developmental rules governing the genesis, migration, programmed death, and network contributions of GABA interneurons are of broad interest (Pleasure et al. 2000; Batista-Brito et al. 2009; De Marco Garcia et al. 2011; Ma et al. 2013) , particularly since dysfunction of multiple interneuron subtypes is associated with psychiatric disease (Marin 2012; Southwell et al. 2014) .
A key challenge to disentangle GABA neuron diversity is the vast molecular, morphological and functional heterogeneity of interneurons subtypes (Ascoli et al. 2008; Klausberger and Somogyi 2008; DeFelipe et al. 2013; Kepecs and Fishell 2014; Zeisel et al. 2015) . Early stages of interneuron development are commonly studied through lineage tracing by sets of transcription factors including Distal-less homeobox 1/2 (Dlx1/2) (Xu et al. 2004; Silbereis et al. 2014) , COUP transcription factors 1/2 (COUP-TF1/2) (Zhou et al. 2015) , specificity protein 8 (Sp8) (Jiang et al. 2013; Ma et al. 2013 ), LIM homeobox 6 (Lhx6) (Flandin et al. 2011; Vogt et al. 2014) , sex-determining region Y-box 6 (Sox6) (Azim et al. 2009; Batista-Brito et al. 2009 ), and NK2 homeobox 1 (Nkx2.1) (Xu et al. 2004 ). Although the above transcription factors are mostly region-specific (Ma et al. 2013) , they provide limited selectivity for interneuron subtypes (Tricoire et al. 2011; Zeisel et al. 2015) . Other approaches utilize transgenic mouse lines expressing fluorescent proteins under the control of DNA regulatory (genetic) elements of genes indispensable for GABA metabolism, for example, Gad1/Gad2 (encoding glutamate decarboxylase (GAD) 67 and 65, respectively) or GABA interneuron-enriched neuropeptides using knock-in or plasmid/BAC vector-based transgenic technologies (Tamamaki et al. 2003; Lopez-Bendito et al. 2004; Mate et al. 2013) . Transgenic approaches are primarily amenable to study interneuron differentiation but are more limited to birth tracing given the relatively late expressional onset of these genes (Tamamaki et al. 2003; Lopez-Bendito et al. 2004) . Recent singlecell RNA-sequencing data (Zeisel et al. 2015) highlight that single reporters for interneurons are likely insufficient for lineage tracing given the inherent redundancy of the RNA repertoire for GABA interneurons (Tricoire et al. 2011) . Therefore, use of dual reporter models may provide tighter information on subtypeselective migration and differentiation patterns.
Cholecystokinin (Cck) is a family of peptide hormones (8-58 amino acids) generated by processing preprocholecystokinin (Varro and Dockray 1986 ). In the nervous system, CCK is found in neurons of thalamic, limbic, and cortical areas (Dockray 1976; Storm-Mathisen 1977) . In the cerebral cortex alone, a subset of GABAergic interneurons (Tricoire et al. 2011 ) and glutamatergic pyramidal cells (Morino et al. 1994 ; Giacobini and Wray 2008) contain Cck mRNA, while histochemical detection of CCK protein is only successful in interneurons (Morozov and Freund 2003) . Cck mRNA is at first observed in the neural tube and neural crest in mouse embryos (embryonic day (E) 8.5-9.5) (Lay et al. 1999) and is followed by expression in the olfactory system (Giacobini et al. 2004) , thalamus, and spinal cord (Giacobini and Wray 2008) . The complex pattern of CCK distribution is testified by the array of functions to which CCK signaling at CCK-A and CCK-B receptors contributes, including the regulation of food intake, learning, anxiety, and fear (Crawley and Corwin 1994; Hadjiivanova et al. 2003; Gulpinar and Yegen 2004; Tsujino et al. 2005) . Nevertheless, CCK is notoriously difficult to localize histochemically, limiting the prenatal characterization of CCK + interneurons. Moreover, the onset of CCK expression varies broadly among interneuron subtypes, reinforcing that a continuum of CCK phenotypes may exist in the brain. Accordingly, information on the prenatal localization, morphology, and biophysical maturation of CCK interneurons are limited.
Here, we took advantage of CCK BAC/DsRed mice (Mate et al. 2013 ) encoding a CCK-driven red fluorescent protein to study the timing and spatial extent of CCK expression in the embryonic telencephalon, particularly the hippocampus. In addition, we generated a dual reporter mouse coexpressing DsRed together with GFP knocked into the 
Materials and Methods

Animals and Tissue Preparation
Experiments on live animals conformed to the 2010/63/EU directive and were approved by regional authorities (Stockholm Norra Djuretiska Nämnd; N512/12; Tierversuchsgesetz 2012 , BGBI, Nr. 114/2012 . Particular care was taken to minimize the number and suffering of experimental subjects. Histochemical, in situ hybridization and patch-clamp electrophysiology studies were conducted on 2 CCK BAC/DsRed transgenic mouse lines that expressed the T3 variant of the Discosoma red fluorescent protein (DsRed) under the control of the CCK promoter and 5 0 regulatory region included in a BAC construct (Mate et al. 2013) . Transgenic line 1 (Tg1) is on an FNB/N background and carries 1 copy of the transgene, whereas line 47 (Tg47) is on an FVB/Ant genetic background, a variation of FVB/ N and contains 7 tandemly arranged BAC constructs in 1 locus.
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To genetically validate the GABAergic identity of DsRed + neurons, we generated a dual (red/green) reporter mouse line by crossing homozygous CCK BAC/DsRed Tg47 mice with heterozygous (GAD67 +/gfp ) mice in which the green fluorescent protein (GFP) gene is knocked into the Gad1 locus (GAD67 +/gfp ). This line expresses GFP in virtually all GABAergic neurons even in early embryos (Tamamaki et al. 2003) . The resulting CCK BAC/DsRed ::GAD67 gfp/+ line did not present anatomical abnormalities, particularly in brain size or in structure, including cell distribution and lamination. Mouse embryos were obtained from timed matings on E10.5, 12.5, 14.5, and 18.5 (n ≥ 3 embryos/time point from n > 2 pregnancies). Whole heads were immersion fixed in 4% paraformaldehyde (PFA) in Na + phosphate buffer (PB; 0.1 M, pH 7.4) overnight, rinsed in PB before cryoprotection in 30% sucrose (in PB) for at least 48 h. Coronal serial (1-in-6) sections of 15-μm thickness were cut on a Leica CV1850 cryostat microtome, thaw-mounted onto fluorescence-free SuperFrost + glass slides (Thermo Scientific) and stored at −20°C until processing (Keimpema et al. 2010; Zhang et al. 2014) . CCK BAC/DsRed mice (from both lines Tg1 and Tg47) at postnatal day (P)30 (n = 3) were deeply anesthetized with isoflurane and transcardially perfused with 4% PFA in 0.1 M PB ( pH 7.4), which was preceded by a short pre-rinse with ice-cold physiological saline (0.9% (w/v%)). Whole brains were postfixed in 4% PFA overnight and cryoprotected in 30% sucrose as above. Coronal freefloating serial sections were cut (Leica CV1850) at a thickness of 40 μm and stored at 4°C until histochemical processing (Harkany et al. 2003) .
Histochemistry and Laser Scanning Microscopy
Free-floating and glass-mounted sections were processed as described (Berghuis et al. 2007 ). Briefly, after extensive rinsing in PB, nonspecific immunoreactivity was suppressed by incubation in a blocking solution consisting of 5% normal donkey serum (NDS; Jackson ImmunoResearch), 1% bovine serum albumin (BSA; Sigma), and 0.3% Triton X-100 (Sigma) in PB at 22-24°C for 1 h. Subsequently, sections were incubated with combinations of primary antibodies (see Supplementary Table 1 ) diluted in PB containing 0.1% NDS and 0.3% Triton X-100 at 4°C for 48-72 h. After extensive rinsing in PB, immunoreactivities were revealed by DyLight Fluor 488, 560, or 633-tagged secondary antibodies (1:300; Jackson; 2 h at 22-24°C). Hoechst 33342 (Sigma) and 4 0 ,6-diamin-2-phenylindol (DAPI, Sigma) were routinely used as nuclear counterstains. Immunoreactivity for pro-CCK (Varro and Dockray 1986; Morino et al. 1994 ) was enhanced by tyramide signal amplification (TSA Plus kit, PerkinElmer; see Supplementary Fig. 2A -C 2 ) (Shi et al. 2012) . After washing in PB and a final rinse in distilled water, free-floating sections were mounted onto fluorescence-free glass slides and coverslipped with Entellan (in toluene, Merck). Glass-mounted embryonic sections were coverslipped with Aquamount (Dako) or 1,4-diazabicyclo (2.2.2) octane (DABCO, Sigma). Images were acquired on Zeiss 700LSM and 780LSM confocal laser scanning microscopes with maximal signal separation and spectral scanning/unmixing, respectively. Multi-panel images were assembled in CorelDraw X7. , and 10 -glucose (Sigma). All solutions were adjusted to pH 7.4 by using NaOH and bubbled with carbogen (5% CO 2 /95% O 2 ). A perfusion rate of 4-6 mL/min was used in the recording chamber. Recordings were carried out at 32°C. For whole-cell patch-clamp recordings, borosilicate glass electrodes (Hilgenberg) of 7-9 MΩ (fetal period) or 3-4 MΩ (P16) were pulled on a P-1000 horizontal puller (Sutter). Electrodes were filled with intracellular solution ( pH 7.2), which contained (in mM): 135 K-gluconate, 10 KCl, 10 HEPES, 5 Na-phophocreatine, 4 ATP-Na, 0.3 GTP-Na, 0.5 EGTA, and 0.5 mg/mL Lucifer yellow (Sigma). Whole-cell patch-clamp recordings were made using an EPC-10 triple amplifier (HEKA), and data were digitized at 20 kHz. Data were discarded if the input resistance of a neuron deviated >20%. K + channels were blocked by superfusing TEA (30 mM) or 4-AP (5 mM). Resting membrane potential (V rest ) was defined in current clamp at zero current. Maximum outward and inward currents were measured by applying voltage steps from −100 mV to +70 mV at 10 mV increments. A-type K + current (A-current) was calculated by subtracting outward currents measured at voltage steps from −120 to +70 mV (incrementing 10 mVs) from consecutive holding potentials (V hold ) of −90 and −40 mV (Fig. 4B, inset) . Electrophysiology parameters were analysed by using custom-written routines in Matlab. After recordings, brain slices were immersion fixed in 4% PFA in PB at 4°C overnight. Next, brain slices were repeatedly rinsed in PB and mounted onto glass slides using Vectashield mounting medium (Vector). The analysis of Lucifer yellow labeling was performed by confocal microscopy (LSM780, Zeiss) and computed using the ZEN 10.0 software package. 3D reconstructions of Lucifer yellow-filled neurons (from orthogonal z-stacks) were made using Imaris 7.4.2 (Bitplane). For anti-sense RNA synthesis, digested plasmids were electrophoresed on 0.8% TRIS-acetate-EDTA (TAE) agarose gels. Fragments containing the DNA templates were isolated and purified using a DNA Extraction Kit (Fermentas). In vitro transcription was carried out using 2 μg of linearized template, antidigoxigenin RNA labeling mix (Roche) and T7 RNA polymerase (Promega). This was followed by treatment with RQDNase (Promega) for eradication of template DNA, after which samples were precipitated with ammonium acetate and isopropanol, and dissolved in 20 μL RNase-free water. The integrity of RNA probes was checked on RNAse-free 1.2% TAE agarose gels.
Cell Distribution Maps, Nomenclature
RNA hybridization signals were detected as described (Xiang and Burnstock 2004) . Briefly, sections were rinsed with phosphate-buffered saline (PBS; 0.05 M) containing 0.1% Tween-20 and then postfixed with 4% PFA in PBS. Prehybridization was performed in 50% formamide, 5× standard sodium citrate, 0.1% Tween-20, and 100 μg/mL yeast tRNA (Hyb + buffer, pH 6.0) at 60°C for 2 h. With the addition of RNA probes, hybridization was carried out in the same buffer at 60°C overnight. Remnants of probes were then removed by intensive washing in PBS.
Subsequently, tissues were incubated in a blocking solution containing 5% BSA and 2% fetal bovine serum (FBS) followed by overnight incubation with anti-digoxigenin antibody conjugated to alkaline phosphatase (Roche; 1:4000) in blocking solution at 4°C. After extensive washing, color development was carried out through overnight incubation in the dark with a mixture of nitro-blue tetrazolium, 5-bromo-4-chloro-3-indolyl phosphate, and levamisole in TBST (0.1 M Tris-HCl pH 9.5, 0.05 M MgCl2, 0.1 M NaCl, 0.05% Tween) at 22-24°C. The enzymatic reaction was terminated by washing in PBS and was followed immediately by immunohistochemistry. Immunohistochemistry for DsRed was performed after in situ hybridization for either Cck (Fig. 1A ,D-D 3 ) or Gad1 mRNA (see Supplementary Fig. 3A -B 1 ). In short, sections were washed with PBS ( pH 7.4) and treated with 1% H 2 O 2 for 15 min to block endogenous peroxidase activity. The sections were permeabilized in 0.5% Triton X-100 in PBS (Sigma) and subsequently blocked in 2% normal goat serum (Sigma), 1% BSA (Sigma) in PBS. Tissues were exposed to primary antibody solution at 4°C overnight, containing 1% BSA, 0.05% Tween-20, and 0.01% Triton X-100. The next day, tissues were incubated with biotinylated anti-rabbit secondary antibody (Vector Laboratories) and subsequently with horseradish (HRP)-conjugated streptavidin (Abcam). Immunoreactivity was visualized with 0.025% 3,3 0 -diaminobenzidine (Sigma) and 0.005% H 2 O 2 in TBS. Sections were washed with TBS before mounting. Images were captured on a Zeiss Axioscope 2 microscope equipped with a digital camera.
Tissue Processing and Data Acquisition by Light Sheet Microscopy
Whole bodies or extracted brains of CCK BAC/DsRed or CCK BAC/DsRed :: GAD67 +/gfp adults and embryos at E12.5, E14.5, and E16.5 were cleared using a modified CUBIC protocol (Susaki et al. 2014) . In brief, embryos were immersion fixed in 4% PFA in PB for 24 h callosum; DG, dentate gyrus; GCL, granule cell layer; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; Th, thalamus.
Cerebral Cortex, 2017, Vol. 27, No. 4 |before incubating, under continuous agitation, in CUBIC 1 solution (25% urea, 25% N,N,N 0 ,N 0 -tetrakis-(2-hydroxypropyl)ethylenediamine and 15% Triton X-100) at 37°C for 3 days. Samples were incubated in fresh CUBIC 1 solution for a further 3 days before washing in 0.1 M PBS at 22-24°C, during which tissues regained their opaque appearance. Next, samples were immersed in CUBIC 2 solution (50% sucrose, 25% urea, 10% 2,2 0 ,2″-nitrilotriethanol, and 0.1% Triton X-100) and left shaking at 22-24°C for an additional 4-7 days before image acquisition. Whole embryo (E12.5-E14.5) or whole head (E16.5) DsRed/GFP fluorescence images were acquired on a Light sheet Z.1 microscope (Zeiss) using a ×5 (EC Plan Neofluar 5×/0.16) detection objective, ×5/0.1 illumination optics, and laser excitation at 488 and 561 nm. Samples were imaged in CUBIC 2 solution with a measured refractory index of 1.45. Each plane was illuminated from a single side of the sample. Whole images were obtained through tile scanning. All images were captured at ×0.7 zoom, with z-stack intervals set at 2.5 µm, a laser power of 20%, and exposure times of 200 ms (PCO edge sCMOS camera). 3D-rendered images were visualized with Arivis Vision4D for Zeiss (v. 2.11) or Imaris (v. 7.4.2, Bitplane). Brightness and contrast of the 3D-rendered images were manually adjusted to aid visual clarity.
Statistics
Data are expressed as mean ± s.e.m. and for histochemical experiments were analysed using Student's t-test (independent samples). For electrophysiology variables, normal distribution and equality of variances of the data could not be verified (Shapiro-Wilkoxon and Levene tests, respectively); thus, the Mann-Whitney U-test was chosen to aid statistical assessment. Data analysis was conducted using the SPSS 21.0 software package (SPSS Inc.) A P value of <0.05 was considered statistically significant.
Results
Methodological Considerations
Our analysis took advantage of a DsRed reporter-based cell identification approach (Mate et al. 2013 ) to characterize CCK + interneurons along their migratory routes in the prenatal cortical plate (Lopez-Bendito et al. 2004; Wierenga et al. 2010; Tricoire et al. 2011) . We emphasized developmental time points (E12.5, E14.5, E16.5/E18.5, and P16-20) and described 1) the distribution of CCK BAC/DsRed neurons at the systems level by light sheet microscopy, 2) molecular heterogeneity by multiple fluorescence histochemistry, 3) cell morphology upon intracellular Lucifer yellow filling, and 4) the maturation of excitability assessed by patch-clamp electrophysiology. For this study, 2 BAC transgenic mouse lines were compared, lines Tg1 and Tg47 (Mate et al. 2013 ). Due to insertion of additional CCK BAC/DsRed copies (>7 copies) in the Tg47 line, compared with the Tg1 line (∼1 copy), differences in fluorescence intensity in the neonatal (see Supplementary Fig. 1B 2 ) and adult brain were evident when imaged at equal laser excitation. However, both lines displayed similar patterns of DsRed + cell distribution when imaged at optimal excitation (see Supplementary Fig. 1C -E 1 ). Since this study focuses on prenatal events, we chose line Tg47 to obtain an optimal signal-to-noise ratio in all experiments, allowing reliable visualization of even low-expressing neuronal contingents. Cck + cell distribution observed by in situ hybridization (Fig. 1A, A 1 ) and by confocal microscopy (Fig. 1B) in the adult CCK BAC/DsRed mouse brain resembled known distribution patterns (Meziane et al. 1997; Itoh et al. 1998; Giacobini and Wray 2008) , including the open-source database of the Allen Brain Institute (Fig. 1C) .
Most DsRed + cells (chromogenic amplification) colabeled for
Cck mRNA and were present in the adult thalamus (Fig. 1A) , somatosensory cortex (Fig. 1A 1 ) , and hippocampal formation ( Fig. 1D-D 3 ). CCK-driven DsRed expression in pyramidal cells (asterisks, Fig. 1D 1 ) corroborated previous findings using alternative methodology (Morino et al. 1994; Giacobini and Wray 2008) . In addition, pro-CCK (Varro and Dockray 1986; Morino et al. 1994 ) was found to be coexpressed with DsRed in embryonic (E16) cortices (see Supplementary Fig. 2A-C 2 ) , confirming the identity of DsRed + cells as CCK-containing neurons. These data correspond with earlier findings on the distribution and expression of Cck mRNA (Morino et al. 1994; Fuzik et al. 2016; Zeisel et al. 2015) and protein (Meziane et al. 1997) , as well as labeling in transgenic mice expressing β-galactosidase driven by the CCK promoter (Itoh et al. 1998) or 5HT3a-GFP (Lee et al. 2010) . Chromogenic in situ hybridization for Gad1, indispensable for GABA biosynthesis (Tamamaki et al. 2003) , combined with immunohistochemistry for DsRed (see Supplementary Fig. 3A 
Early Identification of CCK + Interneurons
Despite many postnatal studies (reviewed in Keimpema et al. 2012) , the ontogeny of CCK expression in the prenatal brain is incompletely understood. CCK + hippocampal interneurons are assumed to derive from the CGE based on their high expression of GAD65 (Lopez-Bendito et al. 2004; Wierenga et al. 2010; Tricoire et al. 2011 ) and considering the preferential origin of GAD65 + cells from the CGE (Lopez-Bendito et al. 2004) . Moreover, CCK + interneurons have been found to be negative for Nkx2.1, a medial ganglionic eminence (MGE)-specific transcription factor (Tricoire et al. 2011 ). Due to the lack of a late and stable subclass-specific marker, interneuron characterization has been broadly conducted by early expressed transcription factors (Xu et al. 2004; Azim et al. 2009; Batista-Brito et al. 2009; Flandin et al. 2011; Jiang et al. 2013; Ma et al. 2013; Vogt et al. 2014; Zhou et al. 2015) . However, while some of these transcription factors are region specific (Ma et al. 2013 ), they are not exclusively subclass specific (Tricoire et al. 2011; Zeisel et al. 2015) . First, we analysed DsRed expression at E10.5, E12.5, E14.5, and E18.5. The use of the Tg47 mouse line enabled us to identify DsRed + neurons with bipolar migratory morphologies as early as E10.5 in the epithalamus, between the ventricular epithalamic neuroepithelium and the dorsal epithalamus (see Supplementary Fig. 4A-B 3 ). DsRed signal was not seen in the rostral telencephalon at this stage. By E12.5, CCK-driven DsRed fluorescence remarkably increased with additional numbers of migrating cells leaving the epithalamus (see Supplementary Fig. 4C-C 2 ) . We then attempted to clarify whether this DsRed + cell pool represents a class of pluripotent cells, post-mitotic neurons, or radial glia by colocalizing Sox2, a transcription factor characteristic of neural progenitors (Graham et al. 2003 ) and anti-radial glial cell marker-2 (RC2) (Misson et al. 1988) . DsRed + cells in the epithalamic niche were negative for both Sox2 and RC2 (see Supplementary  Fig. 4D-D 1 ) , suggesting that DsRed marks postmitotic neurons. Next, we used light sheet microscopy to provide positional information on DsRed + neuronal cohorts in the rostral telencephalon. At E12.5, we visualized DsRed + neurons in the prospective amygdala, hypothalamus, pons, and spinal cord ( Fig. 2A ; see Supplementary Movie 1). Significantly, the first pool of DsRed + neurons leaving the CGE and migrating along the tangential migratory stream (TMS) towards the cerebrum was identified at this age ( Fig. 2A,B) . Subsequently, we extended these data in CCK BAC/DsRed ::GAD67 gfp/+ mice to show that most CCK + neurons exiting the CGE and oriented towards the cerebral cortex were indeed GABAergic interneurons (Fig. 2D,D 1 ). As such, >85% of CCK + neurons along the TMS coexpressed GFP (see Supplementary  Fig. 3J -L). In contrast, virtually no colocalization was seen in the piriform cortex (<2%; see Supplementary Fig. 3G-L) , supporting the intrinsic ability of pyramidal neurons to express Cck before birth.
Temporally inducible genetic fate mapping showed that CGEderived hippocampal interneurons are born during E12-14 and require 48-72 h to reach the hippocampus (Tricoire et al. 2011) . Even though we did not perform extensive birth dating, a single dose of EdU pulsed on E12.5 with 6 h survival time confirmed that a significant proportion of DsRed + interneurons localized at the palliosubpallial boundary adjacent to the CGE were born on E12.5 (Lopez-Bendito et al. 2004; Tricoire et al. 2011) and likely belong to the first wave of interneurons destined to the hippocampus (see Supplementary Fig. 4E-E 2 ) . We sought to extend these findings by analyzing subclass-selective markers for interneurons (Tricoire et al. 2011; Zeisel et al. 2015) : none of the cells we identified contained calbindin-D28k (CB), parvalbumin (PV), or somatostatin (SOM). Instead, at E12.5 we quantified the coexistence of CR in a large proportion (19.2 ± 1.2%) of DsRed + interneurons along the migratory stream, which recapitulates 10-30% colocalization of CCK and CR as determined in the adult by single-cell qPCR (Cauli et al. 2014) . Since CR + interneurons originate in the CGE (Lee et al. 2010; Miyoshi et al. 2010; Tricoire et al. 2011) , we conclude that our DsRed expression strategy reliably identified CCK + interneurons. These interneurons were adjoined to corticofugal axons marked by L1-NCAM and CB 1 R immunoreactivities (Szabo et al. 2014; Lenkey et al. 2015) (Fig. 2E) and exhibited bifurcated morphologies with a thicker short leading process and a thin trailing process (Fig. 2F) . In sum, these data suggest that Cck-driven DsRed expression is upregulated in interneurons upon exiting their proliferative niche, supporting the view of subclass diversification by their time of engaging in cortically oriented migration. We then tested key biophysical parameters of DsRed-labeled CCK + interneurons upon their entry to the cortical plate (Fig. 2G) . Subsequently, patch-clamped neurons were filled with Lucifer yellow and morphologically reconstructed (Fig. 2H,I ). Current-clamp recordings revealed highly depolarized resting membrane potential, high input resistance, and the inability of DsRed + interneurons to produce action potentials (Keimpema et al. 2012) upon applying continuous depolarizing ramps (0-50 pA; Fig. 3 (Fig. 5D-D 3 ) . Overall, these data point to the arrival of a first contingent of CCK + /GFP + /CR + /CB 1 R + interneurons in the hippocampal primordium by mid-gestation. Considering that the bulk of DsRed + /GFP + interneurons migrated along the cortical surface (in the TMS) at E14.5 (Fig. 5C-C 1 ) , we probed key membrane biophysical properties of these neurons and also compared our data with those obtained on E12.5. In all cases, Lucifer yellow-filled DsRed + neurons retained their bipolar morphology (Fig. 5I,J) with an increased complexity of their processes, as shown by secondary branching points (Fig. 5K) . The resting membrane potential of the E14.5 cell contingent was significantly more hyperpolarized than at E12.5 (P < 0.01; Fig. 3 ). Likewise, input resistance of their neuronal membranes was markedly reduced (Fig. 3) . We detected action potential (AP) firing in only one neuron (data not shown), confirming the lack of excitability for migrating DsRed + interneurons (Fig. 3 ). In the remaining cases, no response (2/7 cells) or a single, small active response was observed upon depolarization (4/7 cells). TEAsensitive currents were similar in amplitude to younger cells (∼400 pA; Fig. 4A ,C; Table 1 ). 4-AP-sensitive A-type K + currents of approximately 50 pA were first recorded at this age ( Fig. 4B ; Table 1 ). The voltage protocol we used to isolate A-currents showed noisy total outward K + flow. This was refined by TEA, which made the recorded A-currents better defined. However, TEA only marginally influenced the kinetics of 4-AP-sensitive K + channels, prolonging their inactivation (Similar pharmacological refinement was seen at E18.5, see below.). Overall, these findings suggest that DsRed + interneurons that migrate into the hippocampus by mid-gestation are sufficiently mature to maintain Na + /K + -driven synaptic neurotransmission, even though they themselves are not yet excitable.
DsRed + Hippocampal Interneurons Reach Physiological
Maturity by E18.5
By combining 3D tissue reconstructions through light sheet microscopy ( Fig. 6A ; see Supplementary Movie 3) and the analysis Figure 3 . Temporal acquiring of excitability by CCK + interneurons. Membrane potential changes were recorded in current-clamp mode to monitor excitability, particularly action potential waveforms. AP location is indicative of the current amplitude required to produce these during the continuous depolarizing ramp applied. Statistical significance between E12.5 and E14.5: **P < 0.01; between E14.5 and E18.5: # P < 0.05; ## P < 0.01 and between E18.5 and P16: $$$ P < 0.001.
of serial cryosections (Fig. 6B-G 3 ) , we show that by E16.5 DsRed + neurons colonize virtually all territories that they populate in adulthood (see Supplementary Table 2) , including the anterior olfactory nucleus, cortical plate, the anterior thalamic nucleus, and hippocampus ( Fig. 6B,C ; see Supplementary Fig. 3H ). Considering the significant DsRed signal in long-range axons of ::GAD67 gfp/+ mouse line (Fig. 6D,E) . We find a majority of dual-labeled interneurons in the marginal zone ("Layer 1" by alternative terminology; Fig. 6D ) with >65% of the DsRed + neurons coexpressing GFP (see Supplementary Fig. 3J-L) . In the hippocampus, DsRed + /GFP + interneurons concentrated in the SR and SLM (Fig. 6E ). Within these areas, DsRed continued to colocalize with CR ( Fig. 6G-G 3 ) , suggesting that CCK + interneurons maintain their neurochemical hallmarks throughout prenatal development. Next, we probed DsRed + /GFP + interneurons in the SR/SLM by patch-clamp electrophysiology ( Fig 6H) and additionally filled these cells with Lucifer yellow. DsRed + interneurons were no longer bipolar. Instead, they had elongated somata and increasingly complex dendritic arbors with ramifying primary and secondary dendrites (Fig. 6I,J) . By E18.5, interneurons had hyperpolarized resting membrane potentials that were significantly different from E14.5 (P < 0.05) but were not unlike the adult (Fig. 3) , showed reduced input resistance (P < 0.01 vs. E14.5) and presented reliable AP firing in the 4-12 Hz range (Fig. 3) . TEA-sensitive K + currents displayed a 3-fold increase to approximately 1.2 nA ( Fig. 4A,C (Fig. 7F-I ), respectively. Relative to E18.5, DsRed + neuron density was increased in regions such as the piriform cortex, lateral thalamus, dorsal hippocampus (CA1), and basolateral amygdala (see Supplementary Table 2 , Fig. 7A -I, see Supplementary Fig. 3F ). Notably, DsRed continued to be present in corticofugal axons (Fig. 7B) , confirming life-long Cck expression also in pyramidal cells. More specifically for DsRed + /GFP + interneurons, the highest concentration of dual-labeled cells was evident in Layer 1 of the cerebral cortex with >65% of DsRed + cells coexpressing GFP.
( Fig. 7C ; see Supplementary Fig. 3J-L) . Dual-labeled interneurons were also seen, albeit less frequently, in deep cortical layers (Fig. 7C 1 ) and the dentate gyrus (Fig. 7D) . The hippocampal SR and SLM also contained dual-labeled cells (Fig. 7E-E 2 ), whereas few DsRed + interneurons were observed in its pyramidal layer ( Fig. 7E-E 1 ) . Next, interneurons were probed for PV and SOM ( Fig. 7F-F 4 ) as well as for CB and CR ( Fig. 7G-I ). DsRed did not colocalize with PV, SOM, or CB in the neocortex (Fig. 7F 1 -F 4 ,G-G 1 ), dentate gyrus (Fig. 7F 3 ) , or CA1 area ( Fig. 7F 4 ,I ). In contrast, CR continued to be coexpressed in DsRed + neurons in both upper cortical layers (Fig. 7G ,G 1 ) and SR/SLM regions of the hippocampus (Fig. 7H,I ). We then assessed DsRed + interneurons in the CA1 hippocampal region (SR/SLM, Fig. 7J ,K) by patch-clamp electrophysiology. These interneurons had oval-shaped somas (∼2× of pyramidal cells) and complex dendritic arbors (Fig. 7L,M) . Analysis of their AP waveforms and frequency revealed a nonfast-spiking (<50 Hz) subclass (Fig. 3) (Ascoli et al. 2008) . Nonpyramidal patterns of nonaccommodating firing rates consisting of APs with short spike durations were observed. Compared with E18.5, the resting membrane potential remained unchanged (Fig. 3) . In comparison with late gestation, the diversity of K + currents increased further ( Fig. 4A-C ; Table 1 ). TEA-and 4-AP-insensitive voltage-gated K + currents were remarkably increased ( Fig. 4A,C ; Table 1 ). Furthermore, the contribution of TEA-sensitive currents to the total outward current amplitude was reduced (vs. E18.5; Fig 4C ; Table 1 ).
Discussion
Although well studied postnatally, the identity, distribution, and biophysical properties of CCK + (inter-) neurons during development remain ambiguous (Keimpema et al. 2012) . Here, we took advantage of a dual reporter mouse line (CCK BAC/DsRed :: Statistical significance beween E12.5 and E14.5: ***P < 0.001, between E14.5 and E18.5: # P < 0.05; ### P < 0.001, and between E18.5 and P16: $$ P < 0.01; $$$ P < 0.001.
GAD67
gfp/+ ) to overcome existing experimental limitations to study CCK + interneuron development. We greatly benefited from the CCK BAC/DsRed background line (Mate et al. 2013) , which allows for the high-resolution analysis of cellular fluorescence from early prenatal stages. We are confident that the BAC-construct used presents no leakage since 1) dual color in situ hybridization/histochemistry in adults showed a virtually complete overlap between high-expressing cells and Gad1 in adult hippocampus; and 2) pro-CCK abundantly labeled DsRed + neurons in the fetal telencephalon. 3) Moreover, our recent combination of single-cell RNA sequencing with electrophysiology to determine the diversity of CCK + interneurons in the cerebral cortex of CCK BAC/DsRed ::GAD67 gfp/+ mice revealed Cck mRNA transcripts in all DsRed + cells (Fuzik et al. 2016) . Notably, DsRed signal was also seen in cortical pyramidal cells, albeit with a lower abundance of mRNA molecules than in interneurons, significantly extending earlier reports on the differential timing and levels of CCK in glutamatergic neurons (Morino et al. 1994 ; Giacobini and Wray 2008). We discriminated prospective GABA interneurons and pyramidal cells by the coexistence of DsRed and GAD67 (Gad1)-driven GFP fluorescence. Recent data from single-cell qPCR (Tricoire et al. 2011 ), single-cell transcriptome analysis of cortical interneurons (Zeisel et al. 2015) , and RNA-sequencing of cortical (L1) DsRed + interneurons (Fuzik et al. 2016) revealed that Gad1
and Gad2, encoding GAD67 and GAD65 isoforms, respectively, are coexpressed in most, if not all, neocortical and hippocampal interneurons. Gad1 and Gad2 genes are derived from a common precursor and share extensive homology yet with differential subcellular localization of the proteins and the different regulation of enzyme activity (Bu et al. 1992) . In support of ubiquitous GAD67 expression in interneurons, virtually all (∼95%) telencephalic GABA interneurons in GAD67 gfp/+ mice express GFP (Tamamaki et al. 2003) . The 2 GAD forms are virtually coexpressed in almost all GABAergic neurons; however, GAD65 is only transiently activated upon neuronal activity (Battaglioli et al. 2003) , and both forms, when knocked-out individually, are dispensable for neuronal development (Kakizaki et al. 2015) and early survival (Asada et al. 1996) . GAD65-driven GFP is primarily restricted to cortical layers 2/3 (Lopez- Bendito et al. 2004 ). Nevertheless, GAD65 seems critical to produce rapid GABA responses upon escalated network activity (Tian et al. 1999; Patel et al. 2006) . Despite the clear dichotomy of GAD67 and GAD65 function, developmental biology studies routinely use GAD67 gfp/+ (Tamamaki et al. 2003) and GAD65 gfp/+ (Lopez-Bendito et al. 2004 ) reporter lines to differentiate between MGE-and CGE-derived interneurons, respectively (Betley et al. 2009 ). Since CCK + interneurons are CGE-derived (Xu et al. 2004; Butt et al. 2005; Miyoshi et al. 2010; Tricoire et al. 2011 ) yet contain GAD67-driven GFP, our results caution on the over-interpretation of presumed lineage differences on Gad1 and Gad2 expression alone since in most interneurons the recovery of GFP fluorescence is likely to be reliant on expression thresholds and the sensitivity of microscopy detection. Thus, our finding that CCK BAC/DsRed ::GAD67 gfp/+ cells are bona fide CCK + interneurons is compatible with the obligatory coexpression of the GAD67 isoform. By E12.5, a cohort of dual-labeled prospective interneurons accumulated at the palliosubpallial boundary. In contrast, CCKdriven DsRed signal was not observed in the ganglionic eminences at any time point analyzed. These data support our a priori assumption as well as earlier data on other neuropeptides, Ca 2+ -binding proteins (Pleasure et al. 2000; Fogarty et al. 2007; Cauli et al. 2014 ) and receptors ( particularly, 5HT 3A for CCK + cells; Rudy et al. 2011) showing that interneurons gradually acquire subclass-specific intracellular marks that likely also facilitate their functional segregation and network integration. In addition, open-source data (http://www.brain-map.org/) using . cc, corpus callosum; Cng, cingulate cortex; cta, corticothalamic axons; DG, dentate gyrus; F, fimbria; GCL, granule cell layer; H, hippocampus; iML, inner molecular layer; LD, lateral dorsal nucleus of the thalamus; LP, lateral posterior nucleus of the thalamus; PO, posterior complex of the thalamus; RT, reticular nucleus of the thalamus; SLM; stratum lacunosum moleculare; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; Ss, somatosensory cortex; SVZ/IZ, subventricular zone/intermediate zone.
in situ hybridization corroborate the palliosubpallial boundary as the first site of accumulation for CCK mRNA-containing neurons. We hypothesize that upstream control by homeodomain transcription factors times the onset of Cck expression. A similar regulatory mechanism was reported for PV and neuropeptide Y expression in MGE-derived interneurons, which cannot express these markers in the absence of Sox6 activity (Batista-Brito et al. 2009 ). Since genetic removal of Sox6 in mice results in the failure of MGE-derived interneurons to express PV but not SOM (Azim et al. 2009; Batista-Brito et al. 2009 ) and the formation of coexistent transcription factor pairs can alter their binding specificity (Jolma et al. 2015) , we suggest that signaling arcs specific for Cck might exist. Alternatively, downregulation of Nkx2.1, which is present in interneurons upon entry into the pallium (Marin et al. 2003) , may enable Cck to escape constitutive repression. Nkx-family transcription factors are known to control Cck expression in neuroendocrine cells in the gut (Wang et al. 2009 ), suggesting that a differentiation stage-associated transcriptional code may exist for the regulation of Cck gene expression in the body. Since the upstream molecular elements that control the expression of the Cck gene are largely unknown, and we did not follow the migration of DsRed + cells by live-cell imaging, we warn against over-interpretation of when and where CCK is first produced within these cells and their particular recruitment to their diverse final destinations. Our results identify CCK as a subclass-specific, differentiation-associated marker, which is irreversibly expressed by migrating interneurons upon departing their proliferative domain. Sequential light sheet imaging of CCK interneurons suggests a classical tangential migratory route, including an initial caudal detour followed by forward and vertical migration, particularly, in the superficial migratory stream. Yet, we cannot exclude alternative migratory routes, such as caudal migration (Yozu et al. 2005) . Nevertheless, the sensitivity of the genetic model we created will clearly be amenable to future live-cell imaging applications. Another advantageous aspect of the genetic tagging of CCK + interneurons is the ease of histochemical analysis by multiple immunofluorescence histochemistry. We show that a CR + / CCK + subpopulation exists as early as E12.5, which is recovered in the hippocampus by E14.5. Besides CCK, CR itself can coexist with many other neuropeptides and hormones including vasoactive intestinal polypeptide, neurokinin B, corticotrophin releasing factor, enkephalins and to a lesser extent, neuropeptide Y, and SOM (Cauli et al. 2014; Zeisel et al. 2015) . Since, to the best of our knowledge, CCK/CR coexpression has not been reported at E12.5 or earlier, we suggest that subclass diversification of CCK + interneurons is an early component of their transcriptional program and generates specific modalities that may gain functional significance once integrated into hippocampal subnetworks. Electrophysiology is a preferred method to test cell state transitions, including gradual developmental maturation (Mienville et al. 1994; Bahrey and Moody 2003) . In particular, patch-clamp electrophysiology can be powerful to determine passive membrane properties, excitability, ion channel expression, and enrichment in conjunction with the visualization of neuronal morphology. A perceived shortcoming of patch-clamp electrophysiology in the developing brain is that experimenters can probe (genetically) tagged neurons at specific locations but does not provide insight on the ultimate end point of their migratory paths. Considering that the embryonic cerebrum contains, in a large part, morphologically immature neurons whose somata are packed in a relatively small volume, visual dissociation of neuronal subtypes is significantly more demanding than in the adult cortex. For these reasons, fluorescence tagging of a relatively sparse CCK + interneuron population was particularly significant and allowed comparative population analyses at E12.5, E14.5, and E18.5. We focused on typical locations at the palliosubpallial boundary (E12.5) and in the marginal zone (E14.5), assuming that a significant portion of CCK BAC/dsRed ::GAD67 gfp/+ interneurons are destined for the hippocampus. Conspicuously, at neither time point did we find clearly divergent subsets of interneurons, alluding to their functional segregation only when inserted into their operant networks (McBain and Fisahn 2001; Markram et al. 2004; Ascoli et al. 2008; Kepecs and Fishell 2014; Zeisel et al. 2015) . By E18.5, DsRed + interneurons homed into relatively deep laminae of the hippocampus, suggesting that adopting their adult-like positions in the strata radiatum and lacunosum moleculare can occur before birth. Thus, our combined genetic/ functional approach demonstrates that a pool of CCK + interneurons is relatively homogeneous and gradually acquires the ability to produce APs and to maintain an increasing number of ion channels.
We filled DsRed + interneurons with Lucifer yellow to analyze their morphology. While we report a gradual enrichment in processes and their arborization, our dye-coupling experiments led to negative outcomes. This is not too unexpected since a high percentage of gap junction-coupled neurons is usually only found at specific locations such as the ventricular zone (Bahrey and Moody 2003) . Our results neither contrast nor support the observation of neurochemical (synaptic) coupling among migrating CCK + interneurons (Morozov et al. 2006 ) since the application of Lucifer yellow is likely insufficient to reliably map sparse connections during short recording periods. Instead, we favor the hypothesis that neurochemically homogeneous interneuron subsets can already form primordial subnetworks during their tangential migration to help the specification of neuronal circuits for selective information routing and their task-dependent recruitment in the hippocampus (Klausberger and Somogyi 2008) . Our comparative probing of neuronal excitability showed the first signs of excitability at E14.5 (1 out of 7 cells generated a single AP while 4 out of 7 showed active membrane responses). Most (11 out of 13) CCK + interneurons acquired the ability to generate trains of APs by E18.5. Even though Na + -currents were moderate in some cases, leading to clearly longer AP half-widths and lower maximal AP frequency relative to their postnatal counterparts, these data show that CCK interneurons can contribute to early network events in the prenatal hippocampus. Likewise, enrichment in K + channels (and consequently voltage-gated K + -currents) paralleled interneuron differentiation: TEA-sensitive K + -efflux was seen as early as E12.5. By E14.5, and particularly at E18.5, delayed rectifier voltage-gated outward K + currents increased in amplitude with the proportion of TEA-sensitive K + currents being much higher within the total of delayed rectifier K + currents at E18.5 than it would be typical for juvenile (P16) mice. These data suggest that TEA-sensitive K + channels are preferred during neurodevelopment. Likewise, fast A-type K + currents, which are 4-AP sensitive were first recorded at E14.5 and were shown to increase in an age-dependent fashion. Previously, subthreshold-activated (and -inactivated) A-currents, which regulate firing frequency postnatally (Jackson and Bean 2007) , were found differentially expressed in the embryonic ventricular ( progenitors) and intermediate zones (migrating cells) and cortical plate by E14.5 (Bahrey and Moody 2003) . Our analysis carries these observations forward by showing that within a specific subclass of interneurons in the cerebral cortex, A-current size positively correlates with neuronal placement and maturity. In sum, our study defines prenatal molecular and electrophysiological determinants of CCK + interneurons by exploring a
